Objective: Previous studies have demonstrated that arterial gene transfer of naked DNA encoding for a secreted protein may permit Ž . modulation of the host phenotype despite a low transfection efficiency. Acidic fibroblast growth factor aFGF is an angiogenic growth factor, but is not secreted by intact cells. In the current study, we investigated the hypothesis that addition of a hydrophobic leader sequence to achieve active secretion of the gene product would permit therapeutic angiogenesis following arterial gene transfer of naked DNA encoding for aFGF. Methods: Ten days following surgical induction of unilateral hindlimb ischemia, New Zealand white rabbits Ž . Ž were randomized to intra-arterial gene transfer with one of three plasmids: p267 encoding non-secreted aFGF, n s 10 , pMJ35 encoding . Ž . Ž . Ž . secreted aFGF n s 10 , or 500 mg of pGSVLacZ control, n s 10 500 mg each . All animals were studied at 30 days post-gene Ž transfer for evidence of therapeutic angiogenesis. Results: pMJ35 transfectants had more angiographically visible collaterals angio-. Ž . Ž . graphic score s 0.76 " 0.02 than either p267 0.55 " 0.02, p -0.01 or LacZ 0.47 " 0.02, p -0.001 . Limb blood pressure ratio for Ž . Ž . pMJ35 was 0.88 " 0.02 vs. 0.68 " 0.04 for p267 p -0.01 and 0.57 " 0.04 for LacZ p -0.001 . Vascular resistance was significantly Ž . lower in the pMJ35 group, compared with that in pGSVLacZ group, both in resting state 3.2 " 0.4 vs. 7.4 " 1.4 respectively, p -0.05 Ž 2 . Ž . and after the administration of nitroprusside. Capillary density per mm was also superior in pMJ35 group 274 " 10 vs. p267 Ž . Ž . 204 " 9, p -0.01 and LacZ 177 " 6, p -0.001 . Conclusion: The paracrine effects of a secreted gene product may obviate the need for adjunctive vectors in strategies of arterial gene therapy. q 1997 Elsevier Science B.V.
Introduction
The success of gene therapy as a clinically applicable modality is dependent upon several elements: these include the disease target, the gene product, and the proportion of host cells which can be successfully transfected. The latter, conventionally referred to as 'transfection efficiency', has been considered the Achilles' heel of gene therapy. Because the transfection efficiency associated with the transw x fer of naked DNA to most tissues is extremely low 1 , the development of novel vectors designed to transfect more ( ) of gene therapy, the use of naked DNA has proved sufficient to achieve phenotypic modulation of the host organw x ism 5-7 . Analysis of these results has suggested that this is due in part to certain features of the protein encoded by w x the transgene. In particular, studies in our laboratory 8, 9 have documented that genes which encode for secreted proteins -as opposed to proteins which remain intracellular -may yield meaningful biological outcomes due to paracrine effects of the secreted gene product. Ž . Acidic fibroblast growth factor aFGF , is an endothelial cell mitogen. When administered as recombinant protein, aFGF has been shown to stimulate angiogenesis in w x vivo 10-12 and promote repair of damaged endothelium w x 13 . The structure of the aFGF translation product does w x not possess a classical secretory signal sequence 14, 15 . A secreted form of the aFGF, however, has been engineered by ligation of the signal sequence from the human fibroblast interferon gene to the first encoded residue Ž . w x methionine of aFGF 16 . In the current study, we used constructs encoding nonsecreted and secreted forms of aFGF to test the hypothesis that the success of naked DNA gene transfer is dependent upon the presence of a signal sequence permitting protein secretion.
Methods

Animal model
We used a rabbit ischemic hindlimb model that has w x been described previously 17 , to investigate the development of therapeutic angiogenesis. All protocols were approved by St. Elizabeth's Institutional Animal Care and Use Committee. Thirty male New Zealand White rabbits Ž . weighting 4-4.5 kg Pine Acre Rabbitry, Norton, MA Ž . were anesthetized with a mixture of ketamine 50 mgrkg Ž . and acepromazine 0.8 mgrkg following premedication Ž . with xylazine 2.5 mgrkg . A longitudinal incision was then performed, extending inferiorly from the inguinal ligament to a point just proximal to the patella. The limb in which the incision was performed -right versus leftwas determined at random at the time of surgery by the operator. Through this incision, with surgical loops, the femoral artery was dissected free along its entire length; all branches of the femoral artery, including the inferior epigastric, deep femoral, lateral circumflex and superficial epigastric arteries, were also dissected free.
After further dissecting the popliteal and saphenous arteries distally, the external iliac artery as well as all Ž above arteries were ligated with 4.0 silk Ethicon, Som-. merville, NJ . Finally, the femoral artery was completely excised from its from its proximal origin as a branch of the external iliac artery, to the point distally where it bifurcates into the saphenous and popliteal arteries. The excision of the femoral artery results in retrograde propagation of thrombus to the origin of the external iliac artery. Consequently, blood flow to the ischemic limb is dependent upon collateral vessels which may originate from the internal iliac artery. . Claire Bonnerot containing a nuclear targeted b-galactosidase sequence coupled to the simian virus 40 early w x promoter 20 was used for the control transfection experiment.
Recombinant plasmid
Percutaneous arterial gene transfer
An interval of 10 days between the time of surgery and the gene transfer was allowed for post-operative recovery of rabbits and development of endogenous collateral vessels. Beyond this timepoint, studies performed up to 90 w x days post-operatively 17 have demonstrated no significant collateral vessel augmentation. At 10 days post-oper-Ž . atively day 0 , after performing a baseline angiogram, the internal iliac artery of the ischemic limb was transfected with recombinant plasmid percutaneously using a 2.5 mm Ž hydrogel-coated balloon catheter Slider with Hydroplus, w x Fig. 1 
ReÕerse transcription-polymerase chain reaction RT-) PCR
We evaluated the time course of gene expression for human aFGF mRNA using RT-PCR. Rabbit iliac arteries transfected with pMJ35 were harvested at days 3, 7, 14, Ž . 21, and 30 post-transfection n s 2 for each time point . Total cellular RNA was isolated from the sample using Ž . ULTRASPEC RNA Biotech Laboratories, Houston, TX according to the manufacturer's instructions. Extracted Ž RNA was treated with Dnase 1 0.5 ml, 10 Urml, Rnase-. free, Message Clean kit, GenHunter, Boston, MA at 378C for 30 min to eliminate DNA contamination. The yield of extracted RNA was determined spectrophotometrically by ultraviolet absorbance at 260 nm. One mg of each RNA sample was used to make cDNA in a reaction volume of 20 ml containing 0. 5 Primers were designed according to conserved regions w x Ž of the known human aFGF sequence 14 : aFGF-1 5-AAT . Ž TAC AAG AAG CCC AAA CTC-3 and aFGF-2 5-AGA . CTG GCA GGG GGA GAA A-3 are homologous to the human aFGF sequence inserted into the pMJ35 and p267. In GeneAmp reaction tubes cDNA equivalent to 1 mg of total RNA was dissolved in 50 ml containing 1 = PCR buffer, 2.5 mM MgCl2, 25 pmoles aFGF-1 and aFGF-2 Ž primer and 1.25 units Taq polymerase Perkin Elmer, . Branchburg, NJ . The PCR was performed on a 9600 PCR Ž . system Perkin Elmer . Amplification included 30 step cycles: denaturing for 60 s at 948C, annealing for 60 s at 608C, and extension for 120 s at 728C. The final incubation was extended to 6 min. The sample was then rapidly cooled to 48C and kept on ice for analysis by 1.5% agarose gel electrophoresis. DNA bands were visualized under UV illumination after staining with ethidium bromide.
To ensure that negative PCRs were not due to markedly different starting concentration of mRNA, PCR analysis for constitutively expressed glyceraldehyde-3-phosphate Ž . dehydrogenase GAPDH mRNA was performed on serial cDNA used in each PCR.
EÕaluation of angiogenesis in the ischemic limb
Development of collateral vessels in the ischemic limb was serially evaluated by limb blood pressure measurement and internal iliac arteriography immediately prior to Ž . transfection day 0 , and then day 30 post-transfection. On each occasion, it was necessary to lightly anesthetize the Ž . animal with a mixture of ketamine 10 mgrkg and ac-Ž . etapromazine 0.16 mgrkg following premedication with Ž . xylazine 2.5 mgrkg . Following the final 30 day followup, the animal was sacrificed, and the tissue sections were prepared from the hindlimb muscles in order to perform analysis of capillary density and microsphere analysis. These analyses are discussed in detail below.
Limb blood pressure ratio
Limb blood pressure was measured in both hindlimbs Ž using a Doppler Flowmeter Model 1050, Parks Medical . Electronics, Aloha, OR , immediately prior to transfection Ž . day 0 as well as on day 30. On each occasion, the hindlimbs were shaved and cleaned; the pulse of posterior w x tibial artery was identified using standard techniques 23 . The limb blood pressure ratio was defined for each rabbits as the ratio of systolic pressure of the ischemic limb to systolic pressure of the ischemic limb to systolic pressure of the normal limb.
SelectiÕe internal iliac arteriography
Collateral artery development in this ischemic hindlimb model originates from the internal iliac artery. Accordingly, selective internal iliac arteriography was performed Ž . on day 0 immediately prior to transfection and on day 30 w x post-transfection as previously described 23 . A 3 Fr. Ž end-hole infusion catheter Tracker-18, Target Therapeu-. tics, San Jose, CA was introduced into the common carotid artery through a small cutdown, and advanced to the internal iliac artery of the ischemic limb using a 0. Ž of contrast media Isovue-370, Squibb Diagnostics, New . Brunswick, NJ was then injected using an automated Ž . angiographic injector Medrad, Pittsburgh, PA programmed to reproducibly deliver a flow rate of 1 mlrs. Serial images of the ischemic hindlimb were recorded on 105-mm spot film at a rate of 1 filmrs for at least 10 s. Following completion of arteriography, the catheter was removed and the wound was closed. All of the above-described procedures were completed without the use of heparin.
Morphometric angiographic analysis of collateral vessel development was performed on the 4-s angiogram. To assess the number of collateral vessels, we used a grid overlay comprised of 2.5 mm-diameter circles arranged in rows spaced 5 mm apart. This acetate overlay was placed over the angiogram recorded at the level of the medial thigh. The number of contrast-opacified arteries crossing over circles as well as the total number of circles encompassing the medial thigh area were counted by a single observer blinded to the treatment regimen. An angiographic score was calculated for each film as the ratio of grid intersections crossed by opacified arteries divided by the total number of grid intersections in the medial thigh.
Measurement of blood flow in ischemic hindlimb
Blood flow was assessed on day 30 in the ischemic hindlimb with use of a Doppler guide wire, immediately before selective internal iliac arteriography. As previously w x Ž . described 24-28 , a 0.457 mm 0.018 inch Doppler guide Ž . wire Cardiometrics, Inc., Mountain View, CA was ad-Ž . vanced through the 3F infusion catheter Tracker-18 to the proximal segment of the internal iliac artery supplying the ischemic limb. The Doppler wire recorded a real-time spectral analysis of the Doppler signal, from which the Ž . Ž average peak velocity APV the temporal average of the . instantaneous peak velocity waveform was calculated and displayed on-line. A second 3F perfusion catheter was introduced into the common carotid artery through the same cutdown and advanced under fluoroscopic guidance to the origin of the common iliac artery of the ischemic Ž . limb with a 0.356 mm guide wire Hi-Torque Floppy II . This catheter was used for infusion of sodium nitroprus-Ž . side Sigma, St. Louis, MO , for direct measurement of intra-arterial blood pressure via connection to a pressure Ž transducer model 78534C, Hewlett Packard, Andover, . MA , and for selective angiography of the ischemic limb. Blood pressure was monitored before and immediately after sodium nitroprusside administration. Angiography was performed before and after drug administration with 1 Ž . ml of contrast media Isovue-370 . Serial images of the ischemic limb were recorded on 105-mm spot film at a rate of two films per second for 5 s. Sodium nitroprusside was administered intra-arterially via a constant infusion Ž . 
Capillary density and capillaryr muscle fiber ratio
The angiogenic effect of aFGF at the microvascular level was examined by measuring the number of capillaries in light microscopic sections taken from the ischemic hindlimbs. Tissue specimens were obtained as transverse sections from the adductor muscle and the semimembranosus muscle of both limbs of each animal at the time of Ž . sacrifice day 30 post-transfection . These two muscles Ž . were chosen for light microscopic analysis because 1 Ž . they are 2 major muscles of the medial thigh, and 2 each was originally perfused by the deep femoral artery, ligated at the time that the femoral artery was excised. Muscle Ž samples were embedded in O.C.T. compound Miles, . Elkhart, IN and snap frozen in liquid nitrogen. Multiple Ž . frozen sections 5 mm in thickness were then cut from Ž . each specimen on a cryostat Miles , so that the muscle fibers were oriented in a transverse fashion, and two sections were then placed on glass slides. Tissue sections were stained for alkaline phosphatase using an indoxyl-tetrazolium method to detect capillary endothelial cells as w x previously described, 31 and were then counterstained with eosin. Capillaries were counted under 20 = objective Ž to determine the capillary density mean number of capil-2 . laries per mm . A total of 20 different fields from the two muscles were randomly selected, and the number of capillaries counted. To ensure that analysis of capillary density was not overestimated due to muscle atrophy, or underestimated due to interstitial edema, capillaries identified at necropsy were also evaluated as a function of muscle fibers in histologic section. The counting scheme used to compute the capillaryrmuscle fiber ratio was otherwise identical to that used to compute capillary density.
Measurement of regional blood flow
w x To evaluate the regional blood flow 32 , colored micro-Ž . spheres Dye-Track, Triton Technology, San Diego, CA w x 29,33 were injected into the left ventricle at day 30 immediately before Doppler guide wire analysis and angiography. Reference arterial blood samples were collected through the aortic catheter starting 10 s before injection of the microspheres and continuing for 120 s at the rate of 2 mlrmin. Two or more tissue specimens were obtained from the adductor muscle, the semimembranosus muscle, and the gastrocnemius muscle at the time of sacrifice. Samples were placed into teflon-sealed 16 ml screw-cap tubes and 7 ml of a 4 molar KOH solution containing 2% Tween 80 were added to each sample for digestion of the tissue. The digested sample solution underwent vacuum Ž . filtration using a polyester filter Triton Technology . The tightly folded filter with entrapped spheres, was placed in a 1.5 ml Eppendorf tube and 150 ml of dimethyl-formamide were added. The container was capped and vortex mixed for 30 s, followed by 3 min of centrifugation at 2000 g. Then the solution was transferred to a spectrophotometer Ž cuvette for photometric absorption analysis Model 8452A . spectrophotometer, Hewlett Packard, Andover, MA . Blood flow was calculated with the following equation:
Flow s flow rate of pump = counts g samplerg Ž .
= 100rtotal counts g blood sample s mlrminr100 g tissue.
Dose-response of pMJ35-induced angiogenesis
To evaluate the dose-response relationship of pMJ35, we transfected 100, 200, 300, 400, 500, 700, 1000 mg of Ž . pMJ35 to the rabbit ischemic model n s 2 for each dose and analyzed the limb blood pressure ratio, angiographic score, capillary density, and regional blood flow using colored microspheres at 30 days post-transfection. All procedures followed the same protocols above.
Histologic assessment of transfected arterial segment
To determine whether transfection of pMJ35 or p267 could affect neointimal thickening, transfected iliac arteries Ž . were harvested at necropsy day 30 . The vessels were fixed with methanol and embedded in paraffin. Sections were stained with hematoxylin-eosin and elastic trichrome. Neointimal thickening was assessed in terms of intima Ž . area to medial area ratio IrM . Histologic sections were Ž projected onto a digitizing board Summagraphic Corp., . Fairfield, CT , and values for intima and media areas were calculated by a technician blinded to treatment regimen, Ž using a computerized sketching program MAC-. MEASURE, version 1.9, NIMH, Bethesda, MD .
Statistical analysis
Ž
All results are expressed as mean " standard error m " . SE . Statistical comparisons were performed with the use of ANOVA. When a significant difference was detected, multiple-comparison analysis was performed using Scheffe's procedure. A value of p -0.05 was considered to denote statistical significance.
Results
Time course of human aFGF gene expression
To determine the time course of human aFGF transgene expression, rabbit iliac arteries transfected with pMJ35 were harvested at days 3, 7, 14, 21, 30 post-transfection Ž . n s 2 for each timepoint , and analyzed for aFGF mRNA using RT-PCR. Human fetus brain was used as a positive control. Human aFGF mRNA expression was observed in the arteries harvested at days 3, 7, 14, 21 post-transfection. In arteries harvested at day 30 post-transfection, however, aFGF gene expression was not observed. No aFGF gene expression was observed in the arteries transfected with pGSVLacZ Ž . Fig. 2 . In other organs, such as liver, heart, lung, spleen, testis, kidney, muscle, and non-transfected artery harvested at day 3 post-pMJ35 transfection, aFGF gene expression was not observed. Fig. 3 illustrates a representative internal iliac angiogram at day 30, recorded from pMJ35, p267, and pGSVLacZ transfected animals. Serial assessment of num-Ž ber of angiographically visible collateral vessels angio-. graphic score as described above showed a progressive increase throughout the follow-up period in all three groups. Ž . At baseline day 0 , there was no significant difference in angiographic score among the pMJ35, p267, and Ž pGSVLacZ transfected groups 0.288 " 0.01 vs. 0.287 " . 0.01 vs. 0.288 " 0.01, p s ns . By day 30, however, the Ž angiographic score in pMJ35 transfected group 0.76 " . Ž 0.02 was significantly higher than p267 group 0.55 " . Ž 0.02, p -0.01 and pGSVLacZ group 0.47 " 0.02, p -. 0.001 .
Angiographic assessment
Limb blood pressure ratio
Reduction of the hemodynamic deficit in the ischemic limb following pMJ35 transfection was confirmed by mea-Ž surement of limb blood pressure ratio ischemicrnormal . limb . Limb blood pressure ratio was similar in all three . Fig. 5 . Evaluation of muscle perfusion ml min 100 g of the ischemic limb in pMJ35, p267, and pGSVLacZ groups.
IntraÕascular Doppler wire measurements of blood flow in the ischemic limb
Ž
. At day 30, average peak velocity AVP and intra-aortic blood pressure were recorded at rest and after administration of sodium nitroprusside. At the same time, serial measurements of angiographic luminal diameter were made in the internal iliac artery at the site from which the Doppler measurements of flow were obtained. From these measurements, blood flow and vascular resistance were calculated. Blood flow at rest was not different among the Ž three groups 24.8 " 3.6 mlrmin in pMJ35, vs. 16.6 " 2.2 . in p267, vs. 14.8 " 2.9 in pGSVLacZ . However, maximum flow provoked by intra-aortic administration of nitroprusside was significantly higher in the pMJ35 group Ž . Ž 49.6 " 7.6 mlrmin than in the pGSVLacZ group 25.0 . Ž . Ž . "5.7 mlrmin p -0.05 Fig. 4a .
In contrast, vascular resistance was significantly lower in the pMJ35 group, compared with that in pGSVLacZ Ž group both in resting state 3.2 " 0.4 vs. 7.4 " 1.4 respec-. tively, p -0.05 and after the administration of nitroprus-Ž . Ž side 1. 5 " 0.2 vs. 4.3 " 1.1, respectively, p -0.05 Fig.  .  4b . 
Capillary density and capillaryr muscle fiber ratio
A favorable effect of pMJ35 transfection was also shown at the capillary level. The medial thigh muscles of the ischemic limbs were examined histologically at day 30 after transfection, as described above. Mean value of capil-Ž 2 . lary density in pMJ35 group 274 " 10rmm was signifi-Ž 2 cantly higher than that in p267 group 204 " 9 mm , . Ž 2 p -0.01 and that in pGSVLacZ group 177 " 6 mm , . Ž . p-0.001 Fig. 7 . Analysis of capillaryrmuscle fiber ratio disclosed a value of 0.90 " 0.02 in the pMJ35 group Ž . versus 0.66 " 0.03 in the p267 group p -0.001 and Ž . versus 0.54 " 0.02 in the pGSVLacZ group p -0.001 .
Measurement of regional blood flow using colored microspheres
Regional blood flow was assessed using colored microspheres described above. In the ischemic adductor muscle, Fig. 7 . Intima area to media area Ir M ratio % in the iliac arteries after 30 days post-transfection. There were no significant differences among the three groups. Ž the regional blood flow of the pMJ35 group 6.0 " 1.7
. mlrminr100 g tissue was significantly higher than that of Ž . the p267 group 3.0 " 0.4, p -0.05 , as well as that of the Ž . pGSVLacZ group 1.9 " 0.4, p -0.05 . In the ischemic semimembranosus muscle regional blood flow was 4. 
Dose-response analysis of pMJ35
Evaluation of angiogenesis as a function of the dose of pMJ35 employed is summarized in Fig. 6 . Angiographic Ž . Ž . score Fig. 6a , blood pressure ratio Fig. 6b , capillary Ž . density Fig. 6c , and measurement of regional blood flow Ž . by colored microspheres Fig. 6d were not significantly Ž . increased with low doses 100-300 mg of pMJ35, compared with LacZ. A statistically significant increase in these indices was, however, demonstrated at a dose of 500 mg. These results were not further augmented at higher Ž . doses 700-1000 mg pMJ35. Although regional blood flow to the gastrocnemius muscle was increased at 1000 mg compared with 500 mg of pMJ35, the magnitude of this increase was not statistically significant.
Histologic analysis of transfected iliac artery
Histological cross sections of the internal iliac artery were analyzed at day 30 for all three groups. Analysis of IrM ratio disclosed no statistically significant difference Ž . among the three groups Fig. 7 .
Discussion
This study was designed to test the hypothesis that the success of naked DNA gene transfer is dependent upon the presence of a signal sequence permitting protein secretion. We employed a gene encoding a protein, aFGF, which is normally not secreted, and a modified version of the transgene including a signal peptide to permit active secretion from intact cells. Indeed, we observed that this single Ž alteration regulatory transcriptional elements were un-. changed permitted successful gene therapy with naked DNA.
The evidence of successful gene expression was documented by RT-PCR: similar to previous studies performed w x with naked DNA in this animal model 6 , gene expression was site-specific and limited to -30 days. The fact that rabbit iliac arteries transfected with b-galactosidase gene were negative when examined for human aFGF mRNA and that other organs showed no aFGF mRNA expression at day 3 post-transfection of plasmid encoding aFGF DNA, supports that notion that the primers employed for RT-PCR did not cross-react with endogenous rabbit aFGF mRNA.
Evidence of successful therapy was documented using several parameters describing anatomic and functional evidence of new blood vessel development. Anatomic evidence of augmented collateral artery development was established by quantitative analysis of angiographically visible blood vessels in the ischemic limb. Previous studies in this animal model have established that the extent of Ž . natural spontaneous collateral development reaches a plateau at 30 days and remains unchanged up to 90 days w x follow-up 17 . Morphometric studies performed at necropsy also disclosed an increase in blood vessels at the capillary level; previous studies have established that such increases in capillary density are the result of enhanced w x endothelial cell proliferation 34 . These findings suggest that the range of new collateral vessels included dimensions intermediate between arteries which are angiographically visible and those at the capillary level. This notion is consistent with morphometric analyses of swine collaterals w x described previously by White et al. 35 and recent in vivo w x studies performed using synchrotron radiation 36 .
Evidence that augmented angiogenesis in the pMJ35-transfected rabbits was utilitarian included improvement in the limb blood pressure ratio, maximum flow recorded in the ischemic limb using the intra-arterial Doppler guide wire, corresponding reduction in vascular resistance, and perfusion of ischemic muscle determined by the use of colored microspheres.
Previous investigators have reported evidence that aFGF is a mitogen for smooth muscle cell proliferation andror w x neointimal thickening 10,11,37,38 . In the current study, histologic analysis of the site of arterial gene transfer disclosed no statistically significant impact on neointimal thickening compared to LacZ. The basis for this fortuitous outcome remains enigmatic but may be in part related to the fact that the mitogenic effect of aFGF on endothelial cells has been previously shown to accelerate re-endotheliw x alization following balloon injury 13 , and thereby inhibit neointimal thickening. The kinetics of these competing at Pennsylvania State University on February 23, 2013 http://cardiovascres.oxfordjournals.org/ Downloaded from ( )mitogenic effects when aFGF is constitutively expressed in the absence of deep-wall injury merit further study.
These findings are consistent with the results which have been previously reported in this same animal model using an alternative transgene encoding for vascular en-Ž . w x dothelial growth factor VEGF 39-41 . VEGF differs from aFGF in at least two important respects: it is mitogenic for endothelial cells, but not for smooth muscle cells, and all three isoforms include a secretion signal. The lack of cell specificity did not result in obvious phenotypic differences in the present series of rabbits, compared to those previously treated with phVEGF . While the pres-165 ence of a classical signal peptide has been presumed to account for the phenotypic modulation observed in animals w x w x 5,6 and patients 7 transfected with naked DNA encoding for VEGF, no experiments have been performed to date using a non-secreted transgene encoding for VEGF. Thus, the current series of experiments constitutes the first demonstration to our knowledge in which the same plasmid -altered only with regard to the presence or absence of the secretion sequence -has been used to isolate the contribution of the signal peptide to the success of naked DNA gene transfer.
While never achieving statistical significance, it is in-Ž triguing to note that the results observed with p267 plas-. mid not encoding for signal peptide were generally intermediate between pMJ35 and lacZ. It is possible that these results reflect 'leakage' of a small amount of aFGF from w x transfected cells via a non-classical secretory pathway 42 .
We did not test the necessity for performing intra-arterial gene transfer in the ipsilateral ischemic limb. The fact that VEGF is secreted might be interpreted to suggest that gene transfer might have been performed at a site remote from the ischemic limb. Indeed previous studies from our labow x ratory 30 have shown such an effect in a restenosis model Ž . in which the circulating gene product VEGF accelerated re-endothelialization in the contralateral limb. w x Alternative vectors, including liposomes 37 and adenw x oviral vectors 43 , may also be employed to optimize transfection efficiency. Muhlhauser et al., for example, have shown that angiogenesis can be promoted in a subcutaneous Matrigel plug by adenoviral vectors encoding eiw x ther secreted or non-secreted aFGF 44 . The use of naked DNA alone, however, simplifies the transfection protocol and obviates concerns regarding the potential toxicity of w x liposomes, 45 inactivation of liposomes by heparin w x andror serum, 46 and immunologic or other toxicities w x which have been observed in the case of viral vectors 3 .
These findings thus challenge certain conclusions of the w x Verma report 47 . The need for more basic science and novel vectors cannot be disputed. However, the extent to which the gene product itself may determine the success of gene therapy has been largely ignored. The current and w x previous 48 findings suggest that consideration of certain features of the encoded protein, together with the specific pathology of the host and goals of the intended therapy, may identify circumstances in which the safety of gene transfer can be enhanced and bioactivity perhaps preserved by the use of naked DNA.
